To dispose of the large amount of OSA (oil shale ash) and FA (fly ash) in Northeast China, a novel subgrade material obtained by modifying SC (silty clay) with OSA and FA was produced. First, the effect of F-T (freeze-thaw) cycles and stress states on the resilient modulus of unmodified SC and the modified SC were investigated. Second, the damage ratio was introduced to describe the relationship of resilient modulus versus F-T cycles. Third, the effect of F-T cycles on the microstructure of soils was investigated. The results indicate that in addition to stress state, resilient modulus is significantly influenced by F-T cycles. For unmodified SC, the resilient modulus continually decreases with increasing F-T cycles. As for the modified soil, the resilient modulus decreases sharply after the first F-T cycle and then tends to be stable. The damage ratio and its fitting equation are effectively adopted to describe the variation characteristic of the resilient modulus after F-T cycles. As observed from SEM testing, the effect of F-T cycles on soils is to destroy the initial structure and increase the porosity of soils. It could be concluded that the microstructure change during F-T cycles is the main factor that results in the decrease of the resilient modulus.
Introduction
Northeastern China is one of the most important energy production and consumption regions of China. An increasing number of industrial wastes are produced year on year, such as fly ash (FA), slag, and oil fuel ash [1, 2] . Oil shale ash (OSA) is the by-product of oil shale, which is considered as a substitute for conventional oil. Because of the low oil extraction from oil shale, a large amount of OSA has accumulated, which has been an urgent problem to be solved [3, 4] .
Soil stabilization is an effective measure to recycle residue wastes [5, 6] . Compared with use in construction materials, such as cement, asphalt, and concrete, the application of waste residues in soil stabilization has the advantages of high utilization, low price, and simple technology. The stabilized soils often possess greater strength, swell properties, or resistance to erosion after freeze-thaw (F-T) cycles [7] . FA is one of the most commonly used additives. Parsons and Milburn [8] stabilized several different types of soils by using Class C FA. The strength and durability tests indicated that the FA-treated soils showed substantial improvement in soil performance for multiple soils. Prabakar et al. [9] mixed different percentages of FA with soft soils and investigated the usefulness of FA as a soil additive. The result revealed that the CBR (California bearing ratio) and shear strength of the mixed soils increased with increasing FA percentage. soils, SEM testing was conducted to analyze the variation characteristics of microstructure and pore distribution of soils.
Materials and Methods

Materials
Raw Materials
The SC used in this text is the typical subgrade material in Northeast China, which has the characteristics of low liquid limit and frost heave sensitivity. The strength of SC is high but decreases significantly with the increase of moisture content. Its CBR (California bearing ratio) value soaked after 96 hours is 1%, which is far lower than the allowable value of subgrade filling in Chinese specifications [26] . The physical properties of SC were obtained by parallel tests, and the results are listed in Table 1 . OSA was crushed to filter size from OSSC (oil shale semi-coke), which was provided by Wangqing County of Jilin Province. The OSSC is black solids characterized by a considerable carbon content, a high number of mineral compounds, and a small amount of sulphide [27, 28] . FA was obtained from Changchun power plant of Jilin province, the classification of which is Class F Grade 1 [29] . The chemical composition of OSA and FA are shown in Figure 1 . 
Materials
Raw Materials
Mixed Materials
First, all raw materials were dried and sieved through the size of 2 mm. Then, the materials were mixed at the dry mass ratio of OSA/FA/SC of 2:1:2 in the optimum moisture of 15%. This dry mass ratio was determined by a serious of conventional physical and mechanical property tests [30, 31] . The modified soil at this ratio possesses the highest CBR value, great shear strength, appropriate physical properties, and a balanced usage ratio of FA, OSA, and SC. Consequently, the mixed soils were wrapped in plastic bags and put in the humidor for 3 days to diffuse the moisture through the soils evenly. This humidor is widely used for materials curing, such as soils, concrete, and so on. The settings for temperature and humidity were 20 °C and 70%, respectively. Its CBR value after soaking for 96 h is about 20%, which meets the standard of subgrade for the highest-grade highway [26] . The physical properties of the modified soils were also obtained by parallel tests, and are listed in Table  1 . 
Methods
Mixed Materials
First, all raw materials were dried and sieved through the size of 2 mm. Then, the materials were mixed at the dry mass ratio of OSA/FA/SC of 2:1:2 in the optimum moisture of 15%. This dry mass ratio was determined by a serious of conventional physical and mechanical property tests [30, 31] . The modified soil at this ratio possesses the highest CBR value, great shear strength, appropriate physical properties, and a balanced usage ratio of FA, OSA, and SC. Consequently, the mixed soils were wrapped in plastic bags and put in the humidor for 3 days to diffuse the moisture through the soils evenly. This humidor is widely used for materials curing, such as soils, concrete, and so on. The settings for temperature and humidity were 20 • C and 70%, respectively. Its CBR value after soaking for 96 h is about 20%, which meets the standard of subgrade for the highest-grade highway [26] . The physical properties of the modified soils were also obtained by parallel tests, and are listed in Table 1 .
Methods
Preparing of Test Samples
According to the impact molding method of Chinese specifications [32] , the test soils were made into cylinder samples (diameter of 50 mm, height of 100 mm) with their optimum moisture contents (the optimum moisture contents of unmodified soil and the modified soil are 12.2% and 15.0%, respectively). They were compacted at the lowest compaction standard of high-grade highway subgrade (96%).
Test Procedures
Following the latest revised "Specifications for Design of Highway Subgrades" of China [26] , the resilient modulus test is divided into two parts: preloading and testing. First, the cyclic half pulse load with the maximum axial stress of 66 kPa was applied to samples 1000 times at the confining pressure of 30 kPa. Then, the similar half pulse load with target axial stress was applied 100 times. The frequency of the half sine pulse load was 1 Hz. The load time and load interval were 0.2 s and 0.8 s, respectively (shown in Figure 2 ). Finally, the last 5 waveforms of stress-strain curves were recorded. The resilient modulus of the modified soil and unmodified soil could be calculated using Equation (1):
where σ 0 is the amplitude of axial stress (MPa), ε 0 is the average amplitude of axial strain (mm/mm), and M R is the dynamic resilient modulus (MPa). According to the impact molding method of Chinese specifications [32] , the test soils were made into cylinder samples (diameter of 50 mm, height of 100 mm) with their optimum moisture contents (the optimum moisture contents of unmodified soil and the modified soil are 12.2% and 15.0%, respectively). They were compacted at the lowest compaction standard of high-grade highway subgrade (96%).
Following the latest revised "Specifications for Design of Highway Subgrades" of China [26] , the resilient modulus test is divided into two parts: preloading and testing. First, the cyclic half pulse load with the maximum axial stress of 66 kPa was applied to samples 1000 times at the confining pressure of 30 kPa. Then, the similar half pulse load with target axial stress was applied 100 times. The frequency of the half sine pulse load was 1 Hz. The load time and load interval were 0.2 s and 0.8 s, respectively (shown in Figure 2 ). Finally, the last 5 waveforms of stress-strain curves were recorded. The resilient modulus of the modified soil and unmodified soil could be calculated using Equation ( The testing loading waveform in Figure 2b indicates that the triaxial instrument can respond well to the theoretical setting. The stress states of subgrade materials under different traffic load conditions are usually different. To simulate the traffic load variation conditions and collect more test data [33] , a loading sequence of resilient modulus testing was determined and is listed in Table 2 . There are three loading processes of 40-1, 50-2, and 40-3 in this study. The numbers 40 and 50 represent the confining pressure of 40 and 50 kPa, and 1, 2, 3 represent the loading sequence. Three parallel specimens were designed for testing the resilient modulus under each stress state. The error between the mean value and each test value should not exceed 5%. The mean value is considered as the representative test value for further analysis. The testing loading waveform in Figure 2b indicates that the triaxial instrument can respond well to the theoretical setting. The stress states of subgrade materials under different traffic load conditions are usually different. To simulate the traffic load variation conditions and collect more test data [33] , a loading sequence of resilient modulus testing was determined and is listed in Table 2 . There are three loading processes of 40-1, 50-2, and 40-3 in this study. The numbers 40 and 50 represent the confining pressure of 40 and 50 kPa, and 1, 2, 3 represent the loading sequence. Three parallel specimens were designed for testing the resilient modulus under each stress state. The error between the mean value 
Process of Freeze-Thaw (F-T) Cycles
Referring to previous studies [25, 34] , seven F-T cycles in total were designed in this experiment. In the freezing process, the soil sample was put in the apparatus with a quick temperature variation from 15 • C to −15 • C. Cooling was propagated inside the sample from three dimensions, which lasted 24 h. For the thawing process, the temperature of the apparatus was set at 15 • C. This process also lasted 24 h. To keep the moisture content of samples unchanged during F-T cycles, the samples were wrapped in waterproof films and placed in an F-T cycle box. Before testing, visual inspection was performed to ensure that there were no obvious cracks on the surface of the test sample.
Damage Ratio of Resilient Modulus
To evaluate the effect of F-T cycles on material properties, the damage ratio is defined as follows:
where D is the damage ratio, M rn is the resilient modulus after n-many F-T cycles (MPa), and M ri is the resilient modulus before F-T cycles (MPa). In order to grasp the resilient modulus variation trend with F-T cycles, fitting equations under different stress states are given. The equations can be fitted in the form of exponential decay, which is expressed as follows:
where y is the damage ratio of the resilient modulus; n is the number of F-T cycles; y 0 , A, and t are constant terms; and y 0 represents the value of the damage ratio of the resilient modulus for materials after sufficiently many F-T cycles.
Image Processing Technology for SEM Testing
It is widely recognized that F-T cycles can lead to changes of pores in soils. In order to investigate the influence of F-T cycles on the microstructure and pore distribution of soils, test data of samples (σ 3 = 50 kPa, σ d = 25 kPa) were adopted to conduct the SEM tests after F-T cycles. After the resilient modulus test, the soil samples were naturally dried. Small rectangular samples with a size of 10 mm × 5 mm × 5 mm (height × length × width) were cut from the specimens. They were glued on trays and gilded for scanning. To observe the microstructure of cohesive soils, the magnification of 500× to 1000× is suitable. In this manuscript, the test samples were captured at the magnification of 500× and 600×. Three evenly distributed points in each test sample were selected and scanned by electron microscopy. Images with no delta points (points containing specific information, such as cracks) and clearly reflecting the typical structure of soils were obtained as the representative images for further imaging analysis. The scanned images are processed as follows:
Firstly, the original image was obtained and processed to binarization (shown in Figure 3a) . Secondly, the appropriate threshold values for test soils were manually adjusted to make the dark particles in the binary image (shown in Figure 3b ) the same as those in the original image. The threshold value could be first set near the gray average of the image and then adjusted to obtain the optimum value. In this study, the threshold values of unmodified soil range from 68 to 72, while the average threshold values of the modified soil vary from 85 to 94.
Thirdly, small and irregular miscellaneous points of the image caused by impurities and image noise were removed to avoid influencing the analysis and statistical results. In this paper, pores with area less than 30 pixels were removed (shown in Figure 3c) Secondly, the appropriate threshold values for test soils were manually adjusted to make the dark particles in the binary image (shown in Figure 3b ) the same as those in the original image. The threshold value could be first set near the gray average of the image and then adjusted to obtain the optimum value. In this study, the threshold values of unmodified soil range from 68 to 72, while the average threshold values of the modified soil vary from 85 to 94.
Thirdly, small and irregular miscellaneous points of the image caused by impurities and image noise were removed to avoid influencing the analysis and statistical results. In this paper, pores with area less than 30 pixels were removed (shown in Figure 3c) .
Finally, the porosity and mean diameter were calculated by the IPP (Image Pro Plus) software to analyze the change of pores. 
Results and Discussion
The resilient modulus and the corresponding standard deviation of unmodified SC and the modified SC are listed in Tables 3 and 4 , respectively. 
The resilient modulus and the corresponding standard deviation of unmodified SC and the modified SC are listed in Tables 3 and 4 , respectively. The standard deviations of unmodified SC vary from 0.68 to 2.21, but most of them are between 1.0 and 2.0, while the standard deviations of the modified SC vary from 0.59 to 2.03, but most of them are less than 1.0. This demonstrates that the dispersion degree of the measured data is low. The result is reliable to be used for further analysis. Moreover, the standard deviations of the modified SC are lower and more stable than those of unmodified SC, especially after freeze-thaw cycles. This means that the stability of the resilient modulus with freeze-thaw cycles for the modified SC is better than that of unmodified soil. More detailed analysis is carried out in the following parts.
Effect of Stress State on Resilient Modulus
To investigate the effect of confining pressure and deviator stress on the variation trend of resilient modulus, the resilient moduli of two materials in an unfrozen state and after 1 to 7 F-T cycles were analyzed. The variation curves of resilient modulus versus deviator stress and bulk stress (θ = σ 1 + σ 2 + σ 3 ) are shown in Figures 4 and 5, From Figure 4 , the resilient moduli of both unmodified SC and the modified SC decrease with increasing deviator stress. The resilient modulus in high confining pressure (σc = 50 kPa) is higher than that in low confining pressure (σc = 40 kPa). From Figure 5 , the resilient modulus increases with the increase of bulk stress. The variation trends of resilient modulus versus deviator stress and bulk From Figure 4 , the resilient moduli of both unmodified SC and the modified SC decrease with increasing deviator stress. The resilient modulus in high confining pressure (σ c = 50 kPa) is higher than that in low confining pressure (σ c = 40 kPa). From Figure 5 , the resilient modulus increases with the increase of bulk stress. The variation trends of resilient modulus versus deviator stress and bulk stress are still significant after F-T cycles. In Figure 5 , It should be noted that the shape of each data curve in Figure 5 is a break-line of horizontal "Λ". The starting point and end point of the "Λ" curve are the resilient moduli of loading sequences 40-1 and 40-3, respectively. When the horizontal "Λ" curve is close to an "I" shape, it means that the resilient modulus values of 40-1 and 40-3 are exactly equal. This phenomenon is in accordance with the coincident curves of 40-1 and 40-3 in Figure 4 , which illustrates that the influence of loading path on resilient modulus is insignificant under the same stress state. In consideration of the close resilient modulus values of 40-1 and 40-3, the data of process 40-3 is not analyzed in the following parts.
Reasons for the variation characteristics of the resilient modulus lie in the fact that the particle structure of soils is significantly influenced by stress states. Soils are compacted by high confining pressure, hence resulting in denser particle structure and bigger resilient modulus, while the particle structure of soils is easily destroyed and rearranged by deviator stress. The rearrangement of structure could lead to the decrease of the resilient modulus. The results in this study are similar to the results of existing literature [20, 35] .
The influence of stress state on the resilient modulus is still significant after F-T cycles. Furthermore, the effect of F-T cycles on the resilient modulus of both materials is reduction, but the reduction variation characteristics are slightly different. The resilient modulus of unmodified SC drops gradually and stabilizes after 7 F-T cycles, while the resilient modulus of the modified soil decreases fast and then tends to be stable.
Effect of F-T Cycles on Resilient Modulus
To better investigate the effect of F-T cycles on resilient modulus for the two materials, the variation curves of resilient modulus versus F-T cycles under different stress states are drawn in Figure 6 . decreases fast and then tends to be stable.
To better investigate the effect of F-T cycles on resilient modulus for the two materials, the variation curves of resilient modulus versus F-T cycles under different stress states are drawn in As Figures 6 and 7 show, the resilient modulus of unmodified SC is slightly higher than that of the modified soil under the same deviator stress before F-T cycles. With increasing F-T cycles, the test data for the two materials show different variation characteristics. After the first F-T cycle, the resilient moduli of both materials decrease sharply. The resilient modulus value of unmodified SC is still higher than that of the modified soil. As F-T cycles continue, the resilient modulus of unmodified SC decreases continually, while the resilient modulus of the modified soil has remained stable. After 7 F-T cycles, the resilient modulus of unmodified SC is lower than that of the modified SC. This means that after sufficient numbers of F-T cycles, the mechanical performance of the modified soil is better than that of unmodified soil.
The calculated damage ratios of resilient modulus and the corresponding fitting equations for unmodified SC and the modified SC are listed in Tables 5 and 6 . As Figures 6 and 7 show, the resilient modulus of unmodified SC is slightly higher than that of the modified soil under the same deviator stress before F-T cycles. With increasing F-T cycles, the test data for the two materials show different variation characteristics. After the first F-T cycle, the resilient moduli of both materials decrease sharply. The resilient modulus value of unmodified SC is still higher than that of the modified soil. As F-T cycles continue, the resilient modulus of unmodified SC decreases continually, while the resilient modulus of the modified soil has remained stable. After 7 F-T cycles, the resilient modulus of unmodified SC is lower than that of the modified SC. This means that after sufficient numbers of F-T cycles, the mechanical performance of the modified soil is better than that of unmodified soil.
The calculated damage ratios of resilient modulus and the corresponding fitting equations for unmodified SC and the modified SC are listed in Tables 5 and 6 . In Tables 5 and 6 , the damage ratios of unmodified SC increase gradually with increasing F-T cycles, while the calculated data of the modified soil decrease after the first F-T cycle and then remain stable. For unmodified SC, the damage ratios in low confining pressure (σ c = 40 kPa) are close to those under the same deviator stress (σ d ) in high confining pressure (σ c = 50 kPa). As for the modified SC, the damage ratios in high confining pressure (σ c = 50 kPa) are slightly less than those in low confining pressure (σ c = 40 kPa). Furthermore, the damage ratios of both materials under the deviator stress of 25 kPa (σ d = 25 kPa) are higher than those under the deviator stresses of 15 and 5 kPa (σ d = 15 kPa and σ d = 5 kPa). It revealed that for both materials, deviator stress is the main factor affecting the damage ratio of the resilient modulus after F-T cycles.
The correlation coefficients of the fitting equations for both materials are strong. The constant term y 0 represents the damage ratio of materials after sufficient numbers of F-T cycles. It can be called a stable damage ratio after F-T cycles. The fitting results indicate that the stable damage ratios of the modified soil are better than those of unmodified soil. Therefore, the modified SC will have better application potential than unmodified SC in seasonally frozen regions.
Significance Analysis of Influencing Factors on Resilient Modulus
The effect of confining pressure, deviator stress, and F-T cycles on resilient modulus is worth comparing and discussing. The variance of confining pressure, deviator stress, and F-T cycles on resilient modulus is analyzed using SPSS (Statistical Product and Service Solutions) 20.0 software. The resilient modulus is regarded as a dependent variable. Confining pressure, deviator stress, and F-T cycles are fixed factors. The results are listed in Table 7 .
From Table 7 , the significance analysis results for the two materials are similar. It illustrates that confining pressure, deviator stress, and F-T cycles all have a significant influence on the resilient modulus, which is consistent with the previous analysis. Furthermore, the magnitude of the F value reflects the level of significance. The greater value of F, the greater the significance of the effect. Based on the confidence interval of 95%, the significance result for the two materials is slightly different. For unmodified SC, the significance of confining pressure is the greatest, followed by F-T cycles and deviator stress. For the modified soil, the significance of confining pressure is also the greatest, then followed by deviator stress and F-T cycles. The obtained results show that stress states are the most important factors affecting the resilient modulus, especially confining pressure. The effect of F-T cycles on the resilient modulus is determined by the property of materials. In comparison, the effect of F-T cycles on the resilient modulus of the modified SC is less significant than on that of unmodified SC. This is due to the difference in microstructure for the two materials, which will be discussed in the following part.
Effect of F-T Cycles on Microstructure for Soil Samples
It has been demonstrated that the significant decrease in resilient modulus after F-T cycles is mainly related to the water transfer, volume, and microstructure change of soils during the freezing and thawing process [23, 25] . To investigate the effect of F-T cycles on microstructure change for the two materials, SEM tests were conducted to scan the soil samples after F-T cycles. The original scanning images for the two materials after 0, 1, and 5 F-T cycles are shown in Figures 7 and 8 . (c) As seen from Figure 7a , the microstructure of unmodified SC is a whole platy structure with layered structures. It is dense and connected strongly with soil particles. After the first F-T cycle, there are cracks on the surface of the platy structure, and the dense particle arrangement is slightly destroyed (shown in Figure 7b ). As F-T cycles continue, cracks develop rapidly. The dense structure becomes loose and a lot of pores appear. Afterwards, the connection force between particles decreases. In the modified soil, there are a lot of fine particles and agglomerates. They connect with each other and contribute to the strength of soil samples. After the first F-T cycle, there are more small particles and pores, but the interlock structure of small particles and agglomerates possesses great stability. So, there are no distinct differences in the distribution of cracks and pores for samples after several F-T cycles (shown in Figure 8b,c) .
Pore distributions of soils are closely related to the performance change of the materials. Based on the image processing technology, the porosity and pore size of samples for the two materials after 0, 1, 3, and 5 F-T cycles were analyzed. The variation curves of resilient modulus (σ d = 25 kPa, σ c = 50 kPa) and pore parameters versus F-T cycles are drawn in Figures 9 and 10. particles and pores, but the interlock structure of small particles and agglomerates possesses great stability. So, there are no distinct differences in the distribution of cracks and pores for samples after several F-T cycles (shown in Figures 8b,c) .
Pore distributions of soils are closely related to the performance change of the materials. Based on the image processing technology, the porosity and pore size of samples for the two materials after 0, 1, 3, and 5 F-T cycles were analyzed. The variation curves of resilient modulus (σd = 25 kPa, σc = 50 kPa) and pore parameters versus F-T cycles are drawn in Figures 9 and 10. (a) (b) In Figures 9 and 10 , the values of porosity and mean diameter of pores for the two materials are low before F-T cycles. With the increase of F-T cycles, the porosity and mean diameter of pores all increase. The growth trend of both porosity and mean diameter of pores seems correlated to the reduction trend of the resilient modulus. For unmodified SC, the variation trends of resilient modulus and pore parameters are opposite: the resilient modulus decreases with the increase of F-T cycles, but the porosity and mean diameter of pores increase with increasing F-T cycles. This trend is more significant in the variation trend of porosity. For the modified SC, the resilient modulus decreases sharply after the first F-T cycle, then it remains stable. The porosity and mean diameter show the similar opposite variation characteristics after F-T cycles. To better investigate this relationship, correlation analysis between resilient modulus and pore parameters was conducted; the results are shown in Tables 8 and 9 . In Figures 9 and 10 , the values of porosity and mean diameter of pores for the two materials are low before F-T cycles. With the increase of F-T cycles, the porosity and mean diameter of pores all increase. The growth trend of both porosity and mean diameter of pores seems correlated to the reduction trend of the resilient modulus. For unmodified SC, the variation trends of resilient modulus and pore parameters are opposite: the resilient modulus decreases with the increase of F-T cycles, but the porosity and mean diameter of pores increase with increasing F-T cycles. This trend is more significant in the variation trend of porosity. For the modified SC, the resilient modulus decreases sharply after the first F-T cycle, then it remains stable. The porosity and mean diameter show the similar opposite variation characteristics after F-T cycles. To better investigate this relationship, correlation analysis between resilient modulus and pore parameters was conducted; the results are shown in Tables 8 and 9 . As shown from the results, the significance values (2-tailed) are 0.021, 0.007, 0.010, and 0.049, respectively, which are all lower than 0.05. This means that the resilient modulus is correlated with porosity and mean diameter at the level of 0.05 (2-tailed). The Pearson correlation coefficients of both unmodified SC and the modified SC are negative. The absolute values of them are all higher than 0.95. This means that there is very strong negative correlation of resilient modulus versus porosity and mean diameter.
To discuss the pore distribution change characteristics after F-T cycles, the pores of the two materials after F-T cycles were counted and classified into small pores (d < 2 µm), medium pores (2 µm < d < 5 µm), and large pores (d > 5 µm). The results are listed in Table 10 . For unmodified SC, there are mainly small and medium pores before F-T cycles. With increasing F-T cycles, the amounts of medium and large pores increase and that of small pores decreases. The situation for the modified soil is slightly different. Compared with unmodified SC, the amounts of medium and large pores in the modified soil are larger than those in silty clay before F-T cycles. The mean diameter of pores for the modified soil is larger as well. As F-T cycles increase, the distribution of pores tends to be stable: the amounts of small pores slightly decrease, and the amounts of medium and large pores increase.
From the SEM test, the effect of F-T cycles on soils is mainly to destroy the initial structure, increasing the porosity and mean diameters of pores. It can be concluded that the microstructure change during F-T cycles is the main factor that results in the decrease of the resilient modulus.
Conclusions
In this study, the resilient moduli of unmodified SC and modified SC after F-T cycles were measured. The effects of stress state and F-T cycles on the resilient modulus were investigated. Some conclusions were obtained as follows:
(1) The resilient moduli of both two materials are significantly influenced by their stress states.
The resilient modulus always increases with the increase of confining pressure, and is inverse to the deviator stress, which is in accord with other research. F-T cycles are also an important factor affecting the resilient modulus of test soils. With increasing F-T cycles, the resilient modulus of unmodified SC decreases continually, while the resilient modulus of the modified SC decreases sharply after the first F-T cycle and then tends to be stable. (2) Damage ratio can be effectively adopted to describe the resilient modulus reduction after F-T cycles. For unmodified SC and the modified SC, their damage ratio variation trends after F-T cycles can be effectively fitted in the form of exponential decay equations. (3) The significance analysis demonstrates that the significance of confining pressure, deviator stress, and F-T cycles on resilient moduli for the two materials are great. For unmodified SC, the variance significance of confining pressure is the greatest, followed by F-T cycles and deviator stress. For the modified SC, the significance of confining pressure is also the greatest, then followed by deviator stress and F-T cycles. (4) From the SEM testing, the microstructure of unmodified SC is a whole platy structure with layered structures, while the microstructure of modified SC consists of a lot of fine particles and agglomerates, which possess greater stability after F-T cycles than unmodified SC. With increasing F-T cycles, the initial structure of soils is destroyed and the porosity also increases. The correlation analysis shows that the porosity and mean diameter of pores are strongly negatively correlated with the resilient modulus. The SEM testing also reflects the variation characteristics of pores for compacted soils after F-T cycles: the small pores gradually develop into medium and large pores.
In summary, the resilient modulus of SC modified by OSA and FA is superior to that of unmodified SC after F-T cycles. The modified soil can be used for road construction in seasonally frozen areas. Additionally, more research will be conducted to investigate the strength and deformation characteristics of the modified silty clay. 
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